Abstract. On 2014 October 30, a band-splitted type ii radio burst associated with a coronal mass ejection (CME) observed by the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamic Observatory (SDO) occurred over the southeast limb of the Sun. The fast expansion in all directions of the plasma front acted as a piston and drove a spherical fast shock ahead of it, whose outward progression was traced by simultaneous images obtained with the Nançay Radioheliograph (NRH). The geometry of the CME/shock event was recovered through 3D modeling, given the absence of concomitant stereoscopic observations, and assuming that the band-splitted type ii burst was emitted at the intersection of the shock surface with two adjacent low-Alfvén speed coronal streamers. From the derived spatiotemporal evolution of the standoff distance between shock and CME leading edge, we were finally able to infer the magnetic field strength B in the inner corona. A simple radial profile of the form B(r) = (12.6 ± 2.5)r −4 nicely fits our results, together with previous estimates, in the range r = 1.1 − 2.0 R .
Introduction
Determining the strength of the coronal magnetic field remains a central problem in solar physics. In situ measurements in the higher corona will be available with the Solar Probe Plus mission, launched in August 2018, but direct information on the magnetic field below about 8 solar radii (R ) will probably remain out of reach for decades. Direct measurements of magnetic field strengths B are extremely difficult to make and are restricted to the bottom of the coron a (e.g., Aurass et al. 1987; Lin et al. 2000; Nakariakov & Ofman 2001; Ofman & Wang 2008; Verwichte et al. 2009 ). Indirect techniques, such as Faraday rotation measurements of occulted extragalactic radio sources, represent an alternative approach in estimating B but only above about 5 R (e.g., Mancuso & Spangler 2000; Spangler 2005; Mancuso & Garzelli 2013a,b) due to instrumental limitations. However, estimates at just a few R are of pivotal importance since the strength and structure of the magnetic field in the inner corona crucially affects the acceleration of the solar wind, which in turn has strong influence on space weather. Among the techniques for measuring coronal magnetic fields, suitable diagnostics are provided by the analysis of remote sensing coronagraphic observations acquired during the passage of coronal shock waves associated to coronal mass ejections (CMEs; see review by Bemporad et al. 2016) .
In this Letter, we use a technique developed by Gopalswamy & Yashiro (2011) , applied to a CME-driven shock observed on 2014 October 30, which involves measuring the shock standoff distance and the radius of curvature of the driving CME as deduced from both nearSun extreme ultraviolet (EUV) and radioheliograph images to derive the radial profile B(r) of the upstream magnetic field strength. This result will be obtained, in an unprecedented way, through 3D modeling without the use of stereoscopic observations but only by exploiting the peculiar band-splitting of the associated type ii radio burst whose sources are found to be excited at the intersections of the expanding shock surface with two adjacent coronal streamers.
Observations and data analysis
On 2014 October 30, a solar eruption occurred near the southeast limb above active region NOAA 12201 (S04E70) in association with a C6.9 flare. The early evolution of the CME was observed by the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012 ) on board the Solar Dynamic 2 Please give a shorter version with: \authorrunning and/or \titilerunning prior to \maketitle Observatory (SDO) in the EUV bandpass centered on Fe xiv (211Å) corresponding to coronal plasma at temperatures of ∼ 1.6 MK. AIA difference images (Fig. 1 , left panel) reveal a sharp expanding loop-shaped coronal EUV front structure which eventually evolved into a CME observed above 2 R with white-light coronagraphs. The EUV front seen by AIA is interpreted here as the outermost layer of compressed and piled-up plasma moving through the corona, acting as the contact surface that creates the shock wave ahead of it. The observed bright EUV rim could be produced in principle by an expanding faceon quasi-circular loop. Alternatively, it could represent the projection of a bubble-like structure on the plane of the sky. Unfortunately, no stereoscopic observations are available for this event to validate one or the other hypothesis. Using stereoscopic data, Patsourakos et al. (2010) presented a detailed analysis of the formation and early evolution phase of an impulsively accelerated CME. They showed that the CME formed a rapidly expanding bubble appearing as a nearly circular bright rim in EUV images but that was actually the projection of a 3D structure that could be described reasonably well by a sphere in its early development stages. From the analysis of the highcadence AIA images of this event, given the nearly circular shape of the expanding EUV front, we choose to adopt this latter interpretation and thus model the evolution of the EUV front as an expanding spherical bubble with its center translating in space with time. To validate the above assumption, we show that the chosen 3D geometry nicely explains the evolution of the observed radio sources linked to the shock front development in the inner corona. The dynamics of the expanding surface was obtained by fitting to the data the temporal evolution of the coordinates in the plane of the sky x − z of the center of the circle [x c (t), z c (t)] and of its radius r cme (t) with low-order polynomials (Fig. 2) .
A type ii radio burst, indicating the presence of a shock wave, was also detected by ground-based radio spectrographs. Figure 3 displays the radio dynamic spectrum obtained during the event by the Callisto radio spectrometer Fig. 2 . Quadratic fits to the temporal evolution of the three parameters x c (panel a), z c (panel b), and r cme (panel c) representing, respectively, the x and z coordinates in the plane of the sky x − z of the center and the radius of the circle (panel d) used to fit the bright expanding bubble observed by SDO/AIA between 13:08:12 UT and 13:10:14 UT. (Benz et al. 2005 ) network station at the Birr castle in Ireland. After 13:08 UT, the type ii radio emission lanes stand out clearly, showing a weak fundamental emitted at the electron plasma frequency f pe ≈ 9 n e [cm −3 ] kHz at about 120 MHz, and a much stronger, splitted harmonic band at higher frequencies. The harmonic component is split into two sub-bands, a lower (L) and an upper (U) frequency component. The type ii radio sources were also imaged by the Nançay Radioheliograph (NRH; Kerdraon & Delouis 1997) at a time that was particularly favorable for making precise observations because of the small zenith distance of the Sun. The approximate locations of the centroids of the NRH sources associated with the type ii burst were estimated by fitting 2D elliptical Gaussian functions to each of the NRH images. We were thus able to localize the L and U frequency sources at five NRH frequencies (298.7, 270.6, 228.0, 173.2, and 150.9 MHz; see Fig. 3 ) and thus retrieve the electron density as a function of space and time, information that is important to infer the magnetic field strength at those heights. Since the NRH frequencies are much higher than the ionospheric cut-off frequency (a few tens of MHz), refraction effects on determining the location of the radio source are not important here (Riddle 1974) .
The origin of band-splitting in type ii radio bursts is still controversial. One possible explanation first proposed by Smerd et al. (1975) is that the two lanes originate from simultaneous radio emission occurring in the upstream (ahead) and downstream (behind) regions of a shock. In this scenario, the radio sources emitting the two splitted frequencies near the Sun should be virtually cospatial as the shock thickness is negligible. Recently, using observations from the LOw-Frequency ARray (LOFAR; van Haarlem et al. 2013), Chrysaphi et al. (2018) and Zucca et al. (2018) found that the sources of the two split bands in their events were cospatial, in agreement with the interpretation that split bands are due to simultaneous emission from plasma upstream and downstream of the shock front. Since NRH data sample only a few frequencies and the observations outlined in Fig. 3 are not strictly simultaneous for the L and U branches of the splitted type ii emissions, it is not straightforward to discount simultaneous cospatial L and U emissions even for this event. However, the centroids of maximum intensity in each band for the almost simultaneous observations at 13:09:31 UT (at 150.9 MHz) taken in the L band and at 13:09:34 UT (at 173.2 MHz) taken in the U band are clearly not cospatial, as also the centroids of the almost simultaneous observations taken in the U band at 13:08:13 UT (at 298.7 MHz) and 13:08:19 UT (at 270.6 MHz) and in the L band at 13:08:16 UT (at 228.0 MHz). Notwithstanding the above, if we consider that the minor (major) axes of the ellipses that define the half-power beamwidth at 13:08 UT range from 0.067 (0.129) R at 298.7 MHz to 0.133 (0.256) R at 150.9 MHz, cospatiality of band-split emissions, although unlikely, cannot be completely ruled out. For comparison, the difference between the centroid locations in the east-west direction of the radio sources seen almost simultaneously in the U band at 173.2 MHz and in the L band at 150.9 MHz is about 0.07 R . However, as stated above, also considering that refraction effects are not important here, an alternative explanation at least for this event seems more plausible.
Band-splitting can also be generated more simply by emission from two different parts of the same shock front expanding through plasma structures with different electron density and magnetic field distributions. In fact, the observed radio sources evolve nonradially, with the type ii emissions confined in a small portion of the corona and aligned in a well-defined direction. This suggests that the type ii sources likely originate at the intersection of the shock surface with enhanced density (and thus low-Alfvén speed) regions of the corona, more probably in coronal streamers. In fact, the strength of fast-mode shocks in the corona can vary because of the uneven distribution of v A but is very much enhanced on those parts of the wave front that encounter low-v A structures such as streamers, as suggested by Mancuso & Raymond (2004) . The NRH observations shown in Fig. 3 would therefore represent type ii emission at the intersection of the expanding shock surface with the axes of the streamers. As a matter of fact, inspection of Mauna Loa Solar Observatory (MLSO) white light K-coronagraph (K-Cor) images acquired on 2014 October 29 (Fig. 1, right panel) outlines the existence of a broad coronal structure in the southeast region of the Sun that may be at the origin of the type ii emission. In order to investigate the above scenario, we assume for simplicity that the CME-driven shock surface at any given time has the same spherical shape as the observed CME bubble at the same time, apart from a factor defining the standoff distance between CME and shock surface. In general, for a fast-moving CME, the overlying shock surface should be oblate, that is, nonspherical. For this particular event however the overall dynamics of a fast-expanding sphere with a small translating component away from the Sun implies that the shock surface can be aptly approximated with a spherical shock surface enveloping the CME leading edge: when detected by AIA/SDO, shocks in their initial stage often do appear as projections of spherical surfaces on the plane of the sky (e.g., Ma et al. 2011; Gopalswamy et al. 2012) . The radius of curvature r sh of the shock surface was determined by assuming that r sh = a 0 + a 1 r c , where r c is the radius of the EUV bubble and a 0 , a 1 are free parameters. The angle of propagation of the CME bubble was also left as a free parameter. We further supposed the streamers to be straight and radial in the y − x plane (i.e., as seen from the poles of the Sun), yielding two additional unknown angular positions. Finally, with an iterative fitting procedure, we determined the five parameters that minimized the least-square difference between calculated and observed locations of the type ii radio sources in the x − z plane. In this way, we were able to infer both the time-evolving 3D geometry of the CME/shock and the Fig. 4 . Three-dimensional model of the CME/shock surface (here shown at 13:09:30 UT). The x−z plane identifies the plane of the sky, where z is the north direction. The type ii emission is supposed to be excited at the intersection of the spherical shock surface (identified by the lightbrown sphere surrounding the dark-brown CME bubble) and the streamer axes. Blue and red straight lines identify the axes of the streamers and correspond, respectively, to type ii emissions in the lower (L) and upper (U) branches of the splitted type ii. Two lines of sight are depicted as red and blue lines with dots. The model explains the features observed by NRH at the various frequencies in Fig. 3. spatial location of the axes of the two streamers (depicted as red and blue lines in Fig. 4) . The best match for the angle of propagation of the CME bubble was found at 15.3
• towards the observer with respect to the plane of the sky (see Fig. 4 ), very near to the heliolongitude of the associated flare. Figure 5a shows how the variation in the standoff distance between shock surface and CME leading edge depends on time (and thus distance): the standoff increases with time because the rate of expansion of the shock surface is higher than that of the underlying CME. The expansion of the CME acts as a piston close to the Sun thus increasing the standoff distance and the shock speed since plasma material cannot flow behind the driver. Once the piston loses energy and decelerates in its outward propagation, the shock is expected to detach and continue its propagation, albeit with no additional energy supply by the piston.
Coronal magnetic field
The upstream Alfvénic Mach number M A and the magnetic field strength B can be derived from the standoff distance ∆r ≡ r sh − r cme between the shock front r sh and the CME leading edge r cme by employing a model adapted by Gopalswamy & Yashiro (2011) but originally developed for the bow shock of the Earth. Physically, the shock Mach number M and the radius of curvature r cme of the nose of the driver control the standoff distance. The ratio δ between ∆r and r cme can be expressed as δ ≡ ∆r/r cme = 0.81 Farris & Russell 1994) where γ is the adiabatic index (we assume γ = 4/3 and γ = 5/3 as two possible values). This expression allows the applicability of the model to the low-M regime provided that M is substituted for the fast magnetosonic Mach number (Fairfield et al. 2001 ). In the inner corona, v A substantially exceeds the sound speed meaning that M can be confidently replaced by M A . It then follows that M −1 , implying that M A (and thus the coronal magnetic field strength B, given the upstream electron density profile n e ) can be obtained at any given time by measuring δ. We point out that the above method is based on a model by Farris & Russell (1994) , further extended by Russell & Mulligan (2002) , which was specifically designed for the bow shock of the terrestrial magnetosphere. As such, the evaluation of the standoff distance in that model is intended to be strictly valid for the nose of a CME. It is then important to discuss how appropriate such a model is for a coronal CME-driven shock, for which, moreover, as in our case, the standoff distance is calculated not at the nose but at the flanks of the shock. In order to check the validity of the model in the coronal environment, Schmidt et al. (2016) used a 3D magnetohydrodynamic code to test the accuracy of the Gopalswamy & Yashiro (2011) method by applying it to a simulation of a real CME event, where the standoff distances between the driven shock and the CME could be determined within the simulation box. As a result, the predicted magnetic field strength profile agreed very well (within 30% between 1.8 and 10 R ) with the magnetic field strength profile found in the simulation domain, thus providing strong support for the Gopalswamy & Yashiro (2011) method in a coronal environment. As for the second issue, that is, the reliability of the model when the standoff distance is evaluated at the flanks of the shock surface, it is obvious that in the general case of a fast moving CME the shock surface would be better represented by a 3D oblate surface. In that case, our model would yield unreliable results away from the CME nose. In our specific case however, since the translational motion of the CME away from the Sun is negligible with respect to its rapidly expanding motion in all directions, we posit the standoff distance between the leading edge of the CME and the piston-driven shock surface to be uniform at all angles, at least in the inner corona where our measurements were taken. We thus claim, with no further theoretical justification, that the above model, which would be strictly valid only at the nose of the shock, is also applicable to its flanks.
By applying the above theoretical framework, we estimated the pre-shock v A and M A (Fig. 5b) along the two streamers (the colors of the curves correspond to the col- ors of the streamers in Fig. 4) . Before declining away from the Sun, v A reached a maximum of 800 − 900 km s −1 at about 1.2 − 1.3 R along the two streamers. Indeed, the type ii ignites at the height, around 13:08:12 UT, when v sh (and thus M A ) was high enough (about 1.16). As seen in the graph, variations due to different values for γ are not important in the following discussion. Since v A = v sh /M A (the solar wind speed at low coronal heights is negligible when compared to v sh ), we are finally able to derive the magnetic field strength as B = 4.92 · 10
where n e is the upstream electron density in [cm −3 ]. In this expression, all parameters are known as a function of heliocentric distance r (the radial dependence of n e is obtained from the emission frequency of the type ii radio burst and its location as inferred from the images of NRH by fitting a Newkirk (1961) -like function of the type n e (r) = α · 10 β/r ; see Fig. 5c ). We thus obtain two estimates of the magnetic field strength profile between 1.2 and 1.4 R according to the plasma properties overlying the appropriate streamers interaction with the expanding shock surface. Figure 5d compares the magnetic field radial profile as derived from this work with the profile obtained in the inner heliosphere by Mancuso & Garzelli (2013b) together with a number of near-Sun estimates of B based on different methods. A simple radial profile represented by a power law of the form B(r) = αr β [G] with α = 12.6 ± 2.5 and β = −4 nicely fits previous estimates between 1.1 and 2.0 R from the center of the Sun.
Discussion and conclusions
The origin of band-splitting in type ii radio bursts is often interpreted as being due to simultaneous emission from plasma upstream and downstream of a propagating shock front (e.g., Chrysaphi et al. 2018; Zucca et al. 2018; Frassati et al. 2019) . Under this hypothesis, the upstream magnetic field strength B can be promptly estimated by inferring the density jump at the shock front from the instantaneous band split. Band-splitting, however, may also originate from the intersection of the expanding shock surface with adjacent low-Alfvén-speed coronal streamer structures. The key result of this Letter is that, under this latter assumption, it is still possible to reliably infer the magnetic field strength B and its profile in the inner corona when favorable conditions are met, even without the use of stereoscopic observations. The band-splitted type ii radio burst analyzed in this work was associated with a CME-driven shock that occurred on 2014 October 30 over the southeast limb of the Sun. The CME dynamics was inferred from EUV observations obtained with AIA/SDO in the 211Å passband. The CME-driven shock was modeled as a spherical expanding/translating surface, whose radius of curvature was determined through a least-square fitting procedure to identify the best match between the 3D model and the observational constraints given by the spatiotemporal evolution of the type ii radio sources (assumed to be emitted at the intersection of the shock surface with two adjacent low-Alfvén speed coronal streamer structures), whose positions were imaged in a wide frequency range covered by the NRH. From the resulting derived profile of the standoff distance between shock and leading edge of the CME, we were finally able to infer, by employing a method adapted by Gopalswamy & Yashiro (2011) , the pre-shock magnetic field strength in the inner corona between 1.2 and 1.4 R from the center of the Sun. When combined together with previous estimates, the radial profile of the magnetic field strength can be represented by a power law of the form B(r) = (12.6 ± 2.5)r −4 [G] in the heliocentric distance range 1.1 − 2.0 R .
We finally point out that evidence for a shock was also found in AIA data near the angular position where the type ii emission was excited. Differential emission measure analysis of EUV data will allow us to infer both the compression ratio and the temperature jump at the shock front (Frassati et al. in preparation) .
